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Abstract 

Objective: Scavenging of vascular endothelial growth factor (VEGF) elevates blood pressure (BP) in patients receiving anti- 
angiogenic therapy. Similarly, inhibition of circulation VEGF by its soluble receptor fms-like tyrosine kinase-1 (sFlt-1) 
underlies BP elevation in pre-eclampsia. Both phenotypes are characterized by augmented production of endothelin-1 
(ET-1), suggesting a role for ET-1 in anti-angiogenic hypertension. We aimed to assess the effect of VEGF inhibition on 
ET-1 -induced contractility and downstream ET-1 signaling. 

Approach and Results: Male C57BL/6N mice were treated with either sFlt-1 or vehicle and BP was assessed via tail-cuff. 
Mean arterial pressure of sFlt-1 -treated mice markedly increased compared to vehicle-treated controls (N = 1 1 -1 2, p<0.05). 
After sacrifice, carotid and mesenteric arteries were isolated for isometric tension measurements. ET-1 -induced contractions 
were similar in mesenteric arteries of vehicle and sFlt-1 -treated mice, but augmented in carotid segments of sFlt-1 -treated 
mice compared to controls (N = 9-10, p<0.05). The increased contraction in carotid segments could be completely 
abrogated by the cyclooxygenase (COX) inhibitor indomethacin (N = 9-10, p<0.05), indicating heightened prostaglandin- 
mediated vasoconstriction. This was associated with a shift towards procontractile ET B signaling in sFlt-1 -treated mice, 
possibly explaining the increased ET-1 -induced prostaglandin-mediated vasoconstriction. In line with the ex vivo findings, 
sFlt-1 -induced BP elevation could be prevented in vivo by oral treatment with either a high-dose of the COX inhibitor aspirin 
(N = 7) or with picotamide (N = 9), a dual thromboxane A 2 synthase inhibitor and receptor antagonist. 

Conclusions: VEGF inhibition augments the pressor response to ET-1. The cyclooxygenase-thromboxane signaling route 
downstream of ET-1 might be a possible target to prevent BP elevation during VEGF inhibition. 
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Introduction 

Inhibition of vascular endothelial growth factor (VEGF) is 
causally related to the development of hypertension and protein- 
uria both in patients receiving anti-angiogenic therapy and in 
patients suffering from pre-eclampsia. In pre-eclampsia, circulat- 
ing anti-angiogenic factors originating from the placenta contrib- 
ute to the development of this pregnancy-related hypertensive 
disorder. [1-3] One of these anti-angiogenic factors is the soluble 
VEGF receptor fms-like tyrosine kinase-1 (sFLT-1) that scavenges 
circulating VEGF. sFLT-1 is expressed 3-fold higher in pre- 
eclamptic placentas compared to placentas from normotensive 
pregnancies and plasma sFLT- 1 increases with the severity of pre- 
eclampsia. [3,4] Elevated plasma sFLT-1 levels can be detected 
several weeks before onset of symptoms and rapidly decline after 
delivery. [3,5]. 

When infused in pregnant and non-pregnant animals, sFlt-1 
elicits hypertension, proteinuria and glomerular endotheliosis, 



which constitutes the histopathological hallmark of pre-eclamp- 
sia. [6,7] Similarly, targeting VEGF directly with monoclonal 
antibodies or indirectly via tyrosine kinase inhibitors results in a 
pre-eclampsia-like syndrome, characterized by hypertension and 
proteinuria in humans and in animal models. [2,8,9]. 

VEGF stimulates nitric oxide (NO) production. [10] Inhibition 
of VEGF is therefore thought to decrease NO availability, thereby 
resulting in blood pressure (BP) elevation. [1 1] In addition, elevated 
levels of the potent vasoconstrictor endothelin-1 (ET-1) and its 
precursor preproendothelin have been detected in some, but not 
all, pre-eclamptic women and in plasma of patients treated with 
the tyrosine-kinase inhibitor Sunitinib. [8, 12,13] Moreover, the rise 
in BP induced by VEGF inhibition can be fully reversed in animals 
by ET-1 receptor blockade with either a selective ETa antagonist 
(ABT-627) as well as with a dual ET A and ET B antagonist (ACT- 
064992). [14,15] However, additional contractile mechanisms, 
predominantly elevated prostanoid signaling, may exacerbate the 
ET-1 -induced BP elevation during VEGF inhibition as ET-1 
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stimulates production of the vasocontractile prostanoid throm- 
boxane A 2 (TXA 2 ).[16, 17] Production of TXA 2 is indeed elevated 
in pre-eclampsia and results in a decreased prostacyclin/TXA 2 
ratio [18,19]. 

In the present study, we aimed to assess whether VEGF 
inhibition with sFlt- 1 increases the contractility towards ET- 1 . To 
this end, we treated C57/BL6N mice with either sFlt-1 or vehicle 
and carried out tail-cuff BP measurements. After sacrifice, we 
isolated carotid and mesenteric arteries for isometric tension 
measurements in a wire myograph. Infusion of sFlt- 1 resulted in 
marked BP elevation and augmented ET-1 induced vasoconstric- 
tion in carotid artery segments but not in mesenteric segments. 
The increased contraction in carotid segments could be completely 
abrogated by the cyclooxygenase (COX) inhibitor indomethacin, 
indicating heightened ET-induced prostaglandin-mediated vaso- 
constriction. Accordingly, the sFlt- 1 -induced rise in BP could be 
prevented in vivo by oral treatment with the COX inhibitor aspirin 
and with picotamide, a dual TXA 2 synthase inhibitor and receptor 
antagonist. 

Materials and Methods 

Animals and treatments 

All experimental procedures in this study were approved by the 
Animal Ethics Committee of the Academic Medical Center, 
Amsterdam, The Netherlands (Permit Number: DFC 102298). 
Adult 12-14 weeks old male C57/BL6N mice were purchased 
from Charles River and individually housed in a temperature 
controlled room with a 12:12 light-dark cycle and food and water 
ad libitum. After two weeks of acclimatization, the mice were 
anesthetized with isoflurane (2^r%) and osmotic minipumps 
(Alzet) were implanted subcutaneously. A single dose of bupre- 
norphine (0.05 mg/kg s.c, Schering-Plough) was administered for 
postoperative analgesia. The osmotic minipumps were filled with 
either vehicle (phosphate-buffered saline, PBS) or recombinant 
mouse sFlt-1 (Creative Biomart, catalog no: Fltl-1785M) for 
continuous 0.5ul/h compound release (equals 500 ng/h sFlt-1) 
during 2 weeks. Aspirin (30 mg/kg/day Cayman Chemical) or 
picotamide (5 mg/kg/day, Sigma) dissolved in minimal amounts 
of EtOH (<0. 1 %) were added to the drinking water during sFlt- 1 
treatment in a subset of mice. 

During treatment, BP was recorded at fixed time intervals. After 
2 weeks of treatment, the mice were euthanized by exsanguination 
during pentobarbital (O.P.G. Pharma) anesthesia (75 mg/kg i.p.) 
and carotid arteries were isolated for isometric analysis of 
vasomotor tone. Blood plasma (citrate), urine, kidneys and aortas 
were isolated, snap frozen in liquid nitrogen and stored at -80°C 
for further analysis. 

Blood pressure measurements 

Non-invasive tail-cuff BP measurements were carried out in 
conscious mice using the CODA tm system (Kent Scientific). To 
reduce BP variations in response to stress, BP measurements were 
carried out daily for one week just prior to the start of the 
experiment. The average of the first 15 subsequent BP measure- 
ment cycles was used to represent BP on each measurement day. 
BP measurements were performed between 3:00 - 5:00 pm. 

Wire-myograph analyses. Carotid and mesenteric arteries were 
isolated and immediately placed in Krebs-Henseleit buffer (pH 
7.4; in mmol/L: 118.5 NaCl, 4.7 KC1, 25.0 NaHC0 3 , 1.2 
MgS0 4 , 1.8 CaCl 2 , 1.1 KH 2 P0 4 and 5.6 glucose) for connective 
tissue removal and, in a small subset, endothelium-denudation. 
Artery segments of 2 mm were mounted into a multichannel wire 
myograph for isometric tension measurements as previously 



described. [20] In all experiments the segments were first contracted 
with high K + -containing Krebs-Henseleit buffer (100 mmol/L). 
After 30 minutes washout a concentration-response curve (CRC) of 
the 0(1 -adrenoceptor agonist phenylephrine (Sigma) was generated 
with half-log concentration increments (1 nmol/L - 0.1 umol/L). 
Contraction to phenylephrine was immediately followed by a 
mefhacholine (Sigma) CRC (1 nmol/L- 1 umol/L) to assess 
endothelium-dependent vasodilatation. Next, after 15 minutes of 
washout, a high K + Krebs-induced CRC (5 mmol/L - 1 00 mmol/L) 
was generated. Finally, after washout, artery segments were treated 
with either vehicle (5 uL DMSO, Merck), indomethacin (10 umol/1, 
Sigma), L-Nitro Arginine Methyl Ester (L-NAME, 100 umol/L, 
Sigma) and the selective ET B receptor antagonist BQ788 (1 umol/L, 
Bachem). An ET-1 (Bachem) CRC (0.1 nmol/L - 0.3 umol/L) was 
generated in half-log concentration increments after 30 minutes 
incubation with each of the latter compounds and with endothelium- 
denuded carotid segments. 

Quantitative Real-Time PCR and tissue preparation 

mRNA expression of genes encoding endothelin receptor type A 
(Ednra) and type B (Ednrb) was analyzed in mouse thoracic aorta 
by Quantitative Real-Time PCR (qPCR). RNA was isolated using 
MagNA Pure LC RNA Isolation Kit High Performance (Roche), 
and reverse transcribed using AMV First Strand cDNA Synthesis 
Kit for reverse transcription (RT)-PCR (Roche). qPCR was 
performed on a LightCycler 480 system (Roche) according to the 
manufacturer's protocol with reaction mixtures containing 2.5 ul 
cDNA, 0.4 umol/L of each primer (Life Technologies), 
100 nmol/L UPL probe (Roche) and 10 ul Absolute qPCR mix 
(Thermo Scientific) in a total volume of 20 ul. Primer (shown in 5' 
—* 3 'orientation) /probes were designed using the Roche Universal 
Probe Library Assay Design Center: 

mEdnra GGGCATCAC C GTCTTGAA/ GGAAGC C ACTG- 
CTCTGTACC, probe UPL#99, mEdnrb TCAGAAAACAGC- 
CTTCATGC / GCGGCAAGCAGAAGTAGAA, probe UPL#83, 
mHprt TGATAGATCCATTCCTATGACTGTAGA/AAGA- 
CATTCTTTCCAGTTAAAGTTGAG, probe UPL#22. QPCR 
data were analyzed and quantified using the second derivative 
maximum for Cp determination, with the LightCycler 480 software 
1.5.0 (Roche). 

Analysis of renal morphology and proteinuria 

Urine was collected at baseline and after treatment with either 
vehicle (PBS) or sFlt-1 to assess differences in proteinuria. Spot 
urine samples were collected by holding the mice over a sterile 
Petri dish. Total urinary protein concentration was assessed by a 
Pierce Coomassie Protein Assay kit (Thermo Scientific) according 
to the manufacturer's instructions and is presented in absorbance 
units (AU). To assess the occurrence and severity of glomerular 
endotheliosis, we isolated kidneys of sFlt-1 and vehicle-treated 
mice. Periodic Acid-Schiff staining was applied on formalin-fixed 
and paraffin-embedded cross-sections for analysis. Kidneys were 
not flushed with formalin before fixation. From each kidney 50 
micrographs were acquired at 40x magnification using the 
Olympus BX51 microscope equipped with an Olympus DP70 
digital color camera (Olympus America). Glomeruli were selected 
randomly and blinded for prior treatment with vehicle or sFlt-1. 
Glomerular endotheliosis was then assessed by measurement of the 
glomerular open capillary volume, which was expressed as 
percentage of the total glomerular tuft area [7] . For this analysis 
we used publicly available ImageJ software [21]. 
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Statistical analyses 

Contractile force of isolated arteries is presented in mN/ mm 
and as percentage KCL contraction (%KCL) for graphic 
representation. Emax indicates the maximal contractile force 
and EC50 is defined as the concentration at which 50% of the 
maximal contraction is achieved. Concentration-response curves 
were fitted by non-linear regression analysis and EC50 was 
calculated using GraphPad Prism Software, CA, USA. Data are 
presented as means ± SEM, with 'N' being the number of 
individual mice. Changes from baseline in individual animals were 
assessed by paired student's West. Between group differences were 
assessed by independent student's Hest, one-way anova for more 
then two groups and two-way anova for assessing the effect of 
different treatments (sFlt-1 or vehicle) on Emax and EC50 All 
statistical analyses were performed using GraphPad Prism 
Software. Values of p<0.05 were considered to be statistically 
significant. 

Results 

sFlt-1 infusion by osmotic minipump for a period of 2 weeks 
resulted in a marked elevation of BP compared to vehicle infusion 
(Figure 1). To assess whether increased ET-1 -induced vasocon- 
striction contributed to this BP elevation, carotid and mesenteric 
arteries of vehicle-treated and sFlt- 1 -treated mice were isolated 
and mounted into a wire myograph. The maximal contraction 
towards ET- 1 was increased in carotid segments of sFlt- 1 -treated 
mice (1.2±0.2 mN/mm, N= 10) compared to carotid segments of 
vehicle-treated mice (0.7±0.1 mN/mm, N = 9, (p<0.05, Figure 
2A). There was no difference in the maximal ET-1 -induced 
contraction between mesenteric arteries isolated from sFlt-1- 
treated mice (2.9±0.3 mN/mm, N = 6)) and vehicle-treated mice 
(3.0 + 0.4 mN/mm, N = 6, ^1 =0.90). Additional wire myograph 
experiments were therefore carried out in carotid segments. 

Pre-incubation with the non-selective COX inhibitor indo- 
methacin abrogated the augmented maximal contraction of 
carotid segments in response to ET-1 in sFlt-1- treated mice, but 
not in vehicle-treated mice (Figure 2B), suggesting a role for 
contractile prostanoids in the augmented ET-1 -induced contrac- 
tion. The potency (EC 50 ) of ET-1 induced contraction was 
significantly reduced by indomethacin in both vehicle and sFlt-1 
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Day 13 



Figure 1. Effect of sFlt-1 on blood pressure. In vivo effect of sFlt-1 
or vehicle (Cntrl) infusion during two weeks on mean arterial pressure 
(MAP). Data are presented as mean±SEM, N = 11-12, (ns) not 
significant, * p<0.05. 
doi:10.1371/journal.pone.0091897.g001 
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Figure 2. Effect of COX inhibition on endothelin-1 concentra- 
tion-response curves. A) Concentration-response curve of endothe- 
lin-1 in isolated carotid arteries of vehicle-treated (Cntrl) and sFlt-1- 
treated mice. The inset depicts concentration-response curves of KCI 
(N = 15) and the 01 1 -adrenergic receptor agonist phenylephrine (N = 8- 
9). B) Effect of pre-incubation with the non-selective cyclooxygenase- 
inhibitor indomethacin (indo; 10 nmol/L) on endothelin-1 concentra- 
tion-response curves. Data are expressed as mean±SEM, *(maximal 
efficacy of sFlt-1 vs. Cntrl, N = 9-1 0, p<0.05), #(maximal efficacy of sFlt- 
1 vs. sFlt-1 + indo, N = 9-10, p<0.05), $(EC 50 of sFlt-1 vs. sFlt-1 + indo 
and Cntrl vs. Cntrl + indo, p<0.05) 
doi:1 0.1 371/joumal.pone.0091 897.g002 

treated mice (Figure 2B). Treatment with sFlt-1 did not affect 
potassium or phenylephrine contractions compared to vehicle 
treatment, suggesting that the increased contractility was specific 
for ET-1 (inset Figure 2A). 

To assess whether the increased ET-1 -induced contraction was 
endothelium dependent, carotid segments of sFlt-1 -treated mice 
were either endothelium-denuded or incubated with the endothe- 
lial nitric oxide synthase (eNOS) inhibitor L-NAME. Endotheli- 
um-denudation increased contraction to ET-1 from 0.7 ±0.1 mN/ 
mm to 1.0±0.1 mN/mm (/j<0.01) in carotid segments of vehicle- 
treated mice, but did not significantly increase contraction in 
segments of sFlt-1 -treated mice (/> = 0.10, Figure 3A+B). Further- 
more, inhibition of eNOS by L-NAME increased ET-1 -induced 
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contraction from 0.7 ±0.1 mN/mm to 1.3±0.2 mN/mm (p<0.0 1) 
in segments of vehicle-treated mice (/><0.01), but not in sFlt-1- 
treated mice (p = 0.44, Figure 3A+B) indicating decreased residual 
NO availability in sFlt- 1 -treated mice. In agreement with this 
differential effect of eNOS inhibition, the maximal relaxation 
potential of carotid segments to methacholine during phenyleph- 
rine contraction was significantly lower in carotid arteries of 
sFlt-1 -treated mice compared to vehicle-treated mice (/><0.05, 
Figure 3C). 

To investigate whether mRNA expression of the ET- 1 receptors 
(Ednra and Ednrb) was altered, we evaluated thoracic aorta 
receptor mRNA presence via real-time PGR. Expression of Ednra 
and Ednrb was not altered in the thoracic aorta of sFlt- 1 -treated 
mice compared to vehicle-treated mice (Figure 4A). However, 
Ednrb expression in sFlt- 1 -treated mice with a high BP increase 
according to median split, was elevated compared to vehicle- 
treated mice (/><0.05, inset Figure 4A). Ednra expression was not 
differentially expressed in sFlt- 1 -treated mice with a high or mild 
BP increase. Incubation with the ETg receptor antagonist BQ788 
(1 urnol/L) before generation of ET-1 concentration response 
curves elevated the EC50 in both sFlt-1 as well as in vehicle-treated 
mice (Figure 4B). Still, BQ788 augmented maximal ET-l-induced 
contraction in segments of vehicle-treated mice from 
0.7±0.1 mN/mm to 1.110.2 mN/mm (p<0M) but not in 
segments of sFlt-1 -treated mice (Figure 4B, p = 0Al), suggesting 
that sFlt-1 altered ETg receptor signaling. 

Next, we evaluated the in vivo implications of the apparent 
increase in ET- 1 induced prostanoid-mediated vasoconstriction in 
sFlt- 1 -treated mice. We assessed whether the beneficial effects of 
prostanoid inhibition, as presented in isolated artery segments, 
could be validated to prevent BP increases as well. Aspirin 
(30 mg/kg/day) and picotamide (5 mg/kg/day), a dual TXA 2 
synthase inhibitor and thromboxane prostanoid (TP) receptor 
antagonist, were administered concurrently to sFlt-1 treatment. 
Baseline mean arterial pressure (MAP) of aspirin treated mice was 
80 ±2 mmHg and picotamide-treated mice had a baseline MAP of 
84±3 mmHg. Both aspirin and picotamide markedly prevented 
the rise in BP induced by sFlt-1 (Figure 5). MAP of aspirin-treated 
mice displayed a tracing similar to that of vehicle-treated mice 
with no significant change after 13 days compared to baseline. 
MAP of picotamide-treated mice tended to decrease but this was 
also not significantly different compared to baseline and vehicle- 
treated mice. 

Finally, urinalysis at baseline showed similar urinary protein 
excretion in sFlt-1 (N = 6, 0.32 ±0.02 AU) and vehicle-treated 
mice (N=7, 0.36±0.02 AU, p = 0.29) and this did not change 
from baseline after two weeks of treatment with vehicle 
(0.37±0.02 AU, p = 0.99) and sFlt-1 (0.33±0.02 AU, j&= 0.57). 
The percentage open glomerular capillary volume, as indicator of 
endotheliosis, was also not different between vehicle (53 ±1%, 
N = 5) and sFlt-1 -treated mice (52±2%, N = 5, p = 0.66). 

Discussion 

In the present study we show that sFlt-1 infusion in mice 
augments ET- 1 -mediated vasoconstriction, thereby contributing 
to BP elevation. COX-inhibition prevented the increased ET-l- 
induced vasosconstriction ex vivo and rise in BP in vivo, indicating 
that ET- 1 promotes signaling of contractile prostanoids after sFlt- 1 
treatment. 

Increased circulating levels of ET-1 in women with pre- 
eclampsia was already reported two decades ago, [22,23] but has 
only recently been associated with VEGF inhibition by sFlt- 1. [12] 
VEGF inhibition in animals and treatment of humans with the 
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Figure 3. Role of nitric oxide and the endothelium. A) Effect of 
eNOS inhibition with L-NAME (N = 5) and endothelium (EC) denudation 
(N = 4) on ET-1 concentration-response curves in carotid segments of 
vehicle-treated mice (Cntrl). Data are expressed as mean±SEM, 
'(maximal efficacy of Cntrl vs. Cntrl + L-NAME and Cntrl vs. Cntrl + EC 
denuded, N = 9-5, p<0.05). B) Effect of L-NAME (N = 4) and EC 
denudation (N = 3) on ET-1 concentration-response curves in carotid 
segments of sFlt-1-treated mice. C) Metacholine concentration-response 
curve generated after pre-constriction with the ocl -adrenergic receptor 
agonist phenylephrine. Data are expressed as mean±SEM,*(maximal 
relaxation sFlt-1 vs. Cntrl, N = 13-14, p<0.05). 
doi:10.1 371/journal.pone.0091 897.g003 
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Figure 4. mRNA expression of ET A and ET B receptors and effect 
ET B receptor blockade. A) Quantitative Real-Time PCR showing 
thoracic aorta mRNA expression profiles of Ednra and Ednrb in vehicle 
(Cntrl) and sFlt-1 -treated mice normalized to Hprt mRNA levels. Data 
expressed as mean±SEM, *(lnset figure shows a two-fold increase in 
high-responders vs. Cntrl, N= 7-13, p<0.05), #(high-responders vs. 
low-responders, N = 7-5, p = 0.06). B) Effect of pre-incubation with the 
ET B receptor antagonist BQ788 on endothelin-1 concentration-response 
curves of carotid segments isolated from vehicle (Cntrl, N = 5) and sFlt- 
1 -treated mice (N = 4). *(maximal efficacy of Cntrl vs. Cntrl + BQ788, 
N = 5-9, p<0.05), $(EC 50 of sFlt-1 vs. sFlt-1 + BQ788 and Cntrl vs. Cntrl + 
BQ788, p<0.05) 

doi:1 0.1 371 /journal.pone.0091 897.g004 

tyrosine kinase inhibitor sunitinib, have shown to result in elevated 
renal cortex mRNA expression of preproendothelin and increased 
circulating peptide levels of ET-1. [8, 14] Here, we show that ET-1- 
induced vasoconstriction is enhanced by VEGF inhibition. This 
augmented contraction observed after VEGF inhibition may be 
partially explained by a decreased NO bioavailability, as VEGF 
stimulates NO production by eNOS. [10,1 1,24] The increased 
circulating ET- 1 associated with VEGF inhibition may result from 
this decrease in NO availability as NO attenuates ET-1 
synthesis. [25] By inhibiting eNOS with L-NAME during ET-1 
concentration-response curves, we demonstrated a significandy 
increased contraction in vascular segments of vehicle-treated mice, 
but not in segments of sFlt- 1 -treated mice, indicating decreased 
residual NO availability in sFlt- 1 -treated mice. Decreased NO 
availability was also suggested by the decreased NO-mediated 
vasorelaxation in response to metacholine in sFlt- 1 -treated mice. 

The role of ET-1 in mediating the increase in BP associated 
with VEGF inhibition is supported by the previous observations 
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Figure 5. Effect of aspirin and picotamide on sFlt-1 -induced BP 
elevation. The in vivo effect of intervention with aspirin (30 mg/kg/ 
day) or picotamide (5 mg/kg/day) during two weeks on mean arterial 
pressure (MAP). Data are expressed as mean±SEM, N = 7-12. *{sFlt-1 vs 
Cntrl, p<0.05 with one-way anova and Dunnets post-hoc test. 
doi:1 0.1 371/joumal.pone.0091 897.g005 

that ET A receptor antagonism prevents the rise in BP and that 
VEGF inhibition with sFlt-1 increases ETa mRNA expression in 
the renal cortex of female C57/BL6 mice. [7,8, 14] Despite 
significant BP elevation, we did not observe any change in ET A 
mRNA expression in the thoracic aorta, suggesting differential 
effect of sFlt-1 on ET A mRNA expression in various tissues. We 
assessed ET-1 -induced vasoconstriction in carotid arteries, which 
might have differential ET A expression compared to the thoracic 
aorta. In fact, ET A mRNA expression may even be decreased in 
placental and myometrial tissue of women with pre-eclampsia 
compared to healthy pregnant women. [26] Interestingly, myome- 
trial mRNA expression of the ETg receptor was increased in 
women with pre-eclampsia. This is in line with our observation of 
increased ETg expression in thoracic aortas of sFlt- 1 -treated mice 
with a large BP increase. The functional relevance of altered ETb 
signaling is displayed by the discriminate effects of the selective 
ET B antagonist BQ/78 between vehicle and sFlt-1 conditions. 
BQ778 augmented the maximal contractility to ET-1 in vehicle- 
treated mice but not in sFlt- 1 -treated mice was, suggesting that 
sFlt- 1 might have reduced the ability of endothelium-situated ET B 
receptors to induce vasodilation. The importance of altered 
endothelial signaling was further demonstrated by the increased 
contractility towards ET-1 in endothelium-denuded vascular 
segments of vehicle-treated mice, which could not be achieved 
in endothelium-denuded segments of sFlt- 1 -treated mice. Togeth- 
er these observations may suggest a shift towards predominandy 
contractile signaling for endothelial ETg which has previously 
been shown to mediate release of the contractile prostanoid TXA 2 
by ET-1. [2 7] Besides augmenting the maximal ET-1 -induced 
contraction in vehicle-treated mice, BQ788 elevated EC 5() in both 
groups equally. This inhibitory effect of BQ788 might be caused 
by its weak ET A antagonistic properties. [27] 

COX inhibition with indomethacin reduced the potency of ET- 
1 in both vehicle and sFlt- 1 -treated mice. However, only in carotid 
arteries of sFlt- 1 -treated mice was the augmented maximal efficacy 
of ET-1 completely prevented by indomethacin. This indicates 
that sFlt-1 treatment increased ET-induced prostaglandin-medi- 
ated vascoconstriction. Since ex vivo activation of the TP receptor 
by TXA 2 induces similar contractions in sFlt- 1 and vehicle-treated 
mice, [28] it seems unlikely that expression of the TP receptor is 
altered by sFlt-1 treatment. The relevance of elevated prostanoid 
signaling induced by sFlt-1 is demonstrated by in vivo treatment 
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with aspirin and picotamide, which both prevented the rise in BP 
induced by sFlt-1. 

Several previous studies have shown a consistent rise in BP after 
sFlt-1 treatment in mice using invasive as well as non-invasive 
techniques for the measurement of BP. The median increase in 
MAP induced by sFlt- 1 infusion in the current study is comparable 
to the BP increase reported in non-pregnant female C57/BL6 
mice during andenovirus-mediated overexpression of sFlt-1, but 
slightly lower compared to viral overexpression of sFlt-1 in 
pregnant BALB/c and CD1 mice. [7,29,30] Of note is that we 
used a tail-cuff which tends to slighdy underestimate BP compared 
to telemetry. [31] Delivery of sFlt-1 via an osmotic minipump has 
not been previously reported for mice, but has been shown to 
increase BP in pregnant rats. [6, 14]. 

The increased ET-1 -induced contraction in carotid segments 
was not observed in mesenteric arteries which, in general, 
contribute more to peripheral resistance and BP elevation. This 
discrepancy may not be related to isolation and mounting of these 
smaller vessels, since KCL, phenylephrine and metacholine curves 
were generated prior to ET-1 constriction curves and showed no 
evidence for endothelial or smooth muscle injury. Interestingly, 
ET-1 induced vasoconstriction is also not augmented in mesenteric 
arteries of pregnant rats with surgically reduced uteroplacental 
perfusion pressure compared with sham-operated rats. [32] This 
well established rat model for pre-eclampsia is also associated with 
increased sFlt-1 levels. [33] A differential contractile response of 
conduit and resistance arteries has been reported previously in 
other experimental hypertensive phenotypes and might be due to 
the fact that conduit arteries are more sensitive to decreases in NO 
availability. [34] Besides increased peripheral resistance, dimin- 
ished NO availability and increased ET-1 -induced vasocontrsic- 
tion in the kidney may lead to changes in renal hemodynamics and 
contribute to long-term BP elevation associated with VEGF 
inhibition. [35] We observed no significant increase in total urinary 
protein level and no glomerular endotheliosis after sFlt-1 
treatment. It is unlikely that the absence of kidney injury might 
be attributed to the moderate increase in BP, as similar elevations 
of BP have previously been shown to coincide with proteinuria in 
C57BL/6 mice. [7,9] Glomerular changes and proteinuria may, 

References 

1. Powc CE, Lcvinc RJ, Karumanchi SA (2011) Preeclampsia, a disease of the 
maternal endothelium: the role of antiangiogenic factors and implications for 
later cardiovascular disease. Circulation 123: 2856-2869. 

2. Zhu X, Wu S, Dahut WL, Parikh CR (2007) Risks of proteinuria and 
hypertension with bevacizumab, an antibody against vascular endothelial growth 
factor: systematic review and meta-analysis. AmJ Kidney Dis 49: 186-193. 

3. Maynard SE, Min JY, Mcrchan J, Lim KH, Li J, ct al. (2003) Excess placental 
soluble fins-like tyrosine kinase 1 (sFltl) may contribute to endothelial 
dysfunction, hypertension, and proteinuria in preeclampsia. J Clin Invest 111: 
649-658. 

4. JebbinkJ, Keijser R, Vecnboer G, van der Post J, Ris-Stalpers C, et al. (2011) 
Expression of placental FLT1 transcript variants relates to both gestational 
hypertensive disease and fetal growth. Hypertension 58: 70-76. 

5. Lcvinc RJ, Maynard SE, Qian C, Lim KH, England LJ, et al. (2004) Circulating 
angiogenic factors and the risk of preeclampsia. N Engl J Med 350: 672—683. 

6. Bridges JP, Gilbert JS, Colson D, Gilbert SA, Dukes MP, et al. (2009) Oxidative 
stress contributes to soluble fms-likc tyrosine kinase- 1 induced vascular 
dysfunction in pregnant rats. AmJ Hyperions 22: 564—568. 

7. Li F, Hagaman JR, Kim HS, Macda N, Jcnnettc JC, ct al. (2012) cNOS 
deficiency acts through endothelin to aggravate sFlt- 1 -induced pre-eclampsia - 
likc phenotype. J Am Soc Nephrol 23: 652-660. 

8. Kappcrs MH, van Esch JH, Sluitcr W, Sleijfer S, Danscr AH, ct al. (2010) 
Hypertension induced by the tyrosine kinase inhibitor sunitinib is associated with 
increased circulating cndothclin-1 levels. Hypertension 56: 675-681. 

9. Eremina V, Jefferson JA, Kowalcwska J, Hochstcr H, Haas M, ct al. (2008) 
VEGF inhibition and renal thrombotic microangiopathy. N Engl J Med 358: 
1129-1136. 



however, depend on the achieved plasma sFlt-1 concentration. [29] 
Duration of exposure to peak plasma sFlt- 1 levels might be longer 
with adenoviral-mediated overexpression compared to infusion 
with osmotic minipumps. Nevertheless, the risk for developing 
hypertension also exceeds that of developing proteinuria in 
patients treated with different doses of the VEGF-antibody 
bevacizumab.[2,36]In conclusion, the present results demonstrate 
that sFlt-1 augments ET-1 induced vasoconstriction, thereby 
contributing to BP elevation in mice. Inhibition of the prostanoid 
signaling pathway abrogated the increased vasoconstriction to ET- 
1 ex vivo and prevented the sFlt-1 -induced rise in BP in vivo. This 
suggests that sFlt-1 increases ET-1 -induced release of contractile 
prostanoids, which exacerbate ET-1 -induced vasoconstriction and 
thus contribute to BP elevation. Aspirin reduces the risk of 
cardiovascular events in patients receiving anti-VEGF therapy 
with bevacizumab,[37] but its potential role in preventing BP 
elevation has not been addressed previously. Whether the 
beneficial effect of aspirin in the prevention of pre-eclampsia 
may indeed be extrapolated onto the pre-eclampsia-like syndrome 
needs to be confirmed in future clinical studies. [38] The benefit of 
preventing BP elevation in these patients may lie in reducing the 
risk of hypertensive crises and subsequent cessation of life- 
prolonging anti-angiogenic treatment rather than in cardiovascu- 
lar risk management. [39] . 

Acknowledgments 

We are grateful to Ms. S. Boussata (Academic. Medical Center, 
Reproductive Biology Laboratory) for contributing to the Real-Time 
qPCR analyses and to Prof. Dr. S. Fdorquin (Academic Medical Center, 
Dept. of Pathology) for examining the histopafhology of the mouse kidneys. 
We are also grateful to Prof. Dr. E.T. van Bavel and Dr. N.T.P Bakkcr 
(Academic Medical Center, Dept. of Biomedical Engineering and Physics) 
for facilitating the experiments. 

Author Contributions 

Conceived and designed the experiments: FA LS LV SP BJB. Performed 
the experiments: FA LS HHL GA CRS. Analyzed the data: FA LS HHL 
LV JP SP GA CRS BJB. Contributed reagents/ materials/ analysis tools: SP 
GA CRS BJB. Wrote the paper: FA LS HHL LVJP SP GA CRS BJB. 



10. Faccmire CS, Nixon AB, Griffiths R, Hurwitz H, Coffman TM (2009) Vascular 
endothelial growth factor receptor 2 controls blood pressure by regulating nitric 
oxide synthase expression. Hypertension 54: 652-658. 

11. Murphy SR, LaMarca B, Cockrcll K, Arany M, Granger JP (2012) L-argfninc 
supplementation abolishes the blood pressure and endothelin response to 
chronic increases in plasma stlt-1 in pregnant rats. AmJ Physiol Rcgul Intcgr 
Comp Physiol 302: R259-R263. 

12. George EM, Granger JP (2011) Endothelin: key mediator of hypertension in 
preeclampsia. AmJ Hypcrtcns 24: 964—969. 

13. Taylor RN, Varma M, TengNN, Roberts JM (1990) Women with preeclampsia 
have higher plasma endothelin levels than women with normal pregnancies. J 
Clin Endocrinol Mctab 71: 1675-1677. 

14. Murphy SR, LaMarca BB, Cockrell K, Granger JP (2010) Role of endothelin in 
mediating soluble fins-like tyrosine kinase 1 -induced hypertension in pregnant 
rats. Hypertension 55: 394-398. 

15. Kappers MH, Smedts FM, Horn T, van EschJH, Sleijfer S, ct al. (2011) The 
vascular endothelial growth factor receptor inhibitor sunitinib causes a 
preeclampsia-like syndrome with activation of the endothelin system. Hyper- 
tension 58: 295-302. 

16. Takayasu-Okishio M, Terashita Z, Kondo K (1990) Endothclin-1 and platelet 
activating factor stimulate thromboxane A2 biosynthesis in rat vascular smooth 
muscle cells. Biochcm Pharmacol 40: 271.3-2717. 

17. D'Orleans-Juste P, Claing A, Telemaque S, Maurice MC, Yano M, ct al. (1994) 
Block of endothclin-1 -induced release of thromboxane A2 from the guinea pig 
lung and nitric oxide form the rabbit kidney by a selective ETB receptor 
antagonist, BQ.-788. Br J Pharmacol 113: 1257-1262. 

18. Mills JL, DcrSimonian R, Raymond E, Morrow JD, Roberts LJ, et al. (1999) 
Prostacyclin and thromboxane changes predating clinical onset of preeclampsia: 
a multicenter prospective study. JAMA 282: 356-362. 



PLOS ONE | www.plosone.org 



6 



March 2014 | Volume 9 | Issue 3 | e91897 



Role of ET-1 in SFlt-1 -Induced Hypertension 



19. Mousa AA, Strauss JF, III, Walsh SW (2012) Reduced mcthylation of" the 
thromboxane synthase gene is correlated with its increased vascular expression 
in preeclampsia. Hypertension 59: 1249—1255. 

20. Spijkers LJ, Janssen BJ, Nelissen J, Meens MJ, Wijesinghe D, et al. (2011) 
Antihypertensive treatment differentially affects vascular sphingolipid biology in 
spontaneously hypertensive rats. PLoS One 6: e29222. 

21. Schneider GA, Rasband WS, Eliceiri KW (2012) NIH Image to ImagcJ: 25 
years of image analysis. Nat Methods 9: 671-675. 

22. Dekker GA, Kraayenbrink AA, Zeeman GG, van Kamp GJ (1991) Increased 
plasma levels of the novel vasoconstrictor peptide endothclin in severe pre- 
eclampsia. Eur J Obstet Gynecol Reprod Biol 40: 215-220. 

23. Nova A, Sibai BM, Barton JR, Mercer BM, Mitchell MD (1991) Maternal 
plasma level of endothclin is increased in preeclampsia. Am J Obstet Gynecol 
165: 724-727. 

24. Hood JD, Meininger GJ, Ziche M, Granger HJ (1998) VEGF upregulates 
ecNOS message, protein, and NO production in human endothelial cells. Am J 
Physiol 274: H1054-H1058. 

25. Cardillo C, Kilcoyne CM, Gannon RO, III, Panza JA (2000) Interactions 
between nitric oxide and endothclin in the regulation of vascular tone of human 
resistance vessels in vivo. Hypertension 35: 1237—1241. 

26. Faxen M, Nisell H, Kublickiene KR (2000) Altered gene expression of 
endothelin-A and cndothelin-B receptors, but not endothclin- 1 , in myometrium 
and placenta from pregnancies complicated by preeclampsia. Arch Gynecol 
Obstet 264: 143-149. 

27. Karaki H, Sudjarwo SA, Hori M (1994) Novel antagonist of endothclin ETB1 
and ETB2 receptors, BQ_-788: effects on blood vessel and small intestine. 
Biochem Biophys Res Gommun 205: 168-173. 

28. Costantine MM, Tamayo E, Lu F, Bytautiene E, Longo M, et al. (2010) Using 
pravastatin to improve the vascular reactivity in a mouse model of soluble fms- 
like tyrosine kinase- 1 -induced preeclampsia. Obstet Gynecol 116: 1 14-120. 



PLOS ONE | www.plosone.org 



29. Bergmann A, Ahmad S, Cudmorc M, Gruber AD, Wittschen P, et al. (2010) 
Reduction of circulating soluble Fit- 1 alleviates precclampsia-likc symptoms in a 
mouse model. J Cell Mol Med 14: 1857-1867. 

30. Suzuki H, Ohkuchi A, Matsubara S, Takci Y, Murakami M, et al. (2009) Effect 
of recombinant placental growth factor 2 on hypertension induced by full-length 
mouse soluble fms-like tyrosine kinase 1 adenoviral vector in pregnant mice. 
Hypertension 54: 1129-1135. 

31. Feng M, Whitesall S, Zhang Y, Beibel M, D'Alccy L, et al. (2008) Validation of 
volume-pressure recording tail-cuff blood pressure measurements. Am J 
Hypertens 21: 1288-1291. 

32. Abdalvand A, Morton JS, Bourque SL, Quon AL, Davidge ST (2013) Matrix 
metalloproteinase enhances big-endothclin- 1 constriction in mesenteric vessels of 
pregnant rats with reduced uterine blood flow. Hypertension 61: 488-493. 

33. Makris A, Thornton G, Thompson J, Thomson S, Martin R, ct al. (2007) 
Uteroplacental ischemia results in proteinuric hypertension and elevated sFLT- 
1. Kidney Int 71: 977-984. 

34. White RM, Rivera CO, Davison CB (1996) Differential contribution of 
endothelial function to vascular reactivity in conduit and resistance arteries from 
deoxycorticosterone-salt hypertensive rats. Hypertension 27: 1245—1253. 

35. Lankhorst S, Kappcrs MH, van Eseh JH, Danser AH, van den Mcirackcr AH 
(20 1 3) Mechanism of hypertension and proteinuria during angiogenesis 
inhibition: evolving role of endothclin- 1 . J Hypertens 31: 444—454. 

36. Kandula P, Agarwal R (201 1) Proteinuria and hypertension with tyrosine kinase 
inhibitors. Kidney Int 80: 1271-1277. 

37. Pereg D, Lishner M (2008) Bevacizumab treatment for cancer patients with 
cardiovascular disease: a double edged sword? Eur Heart J 29: 2325-2326. 

38. Askic LM, Dulcy L, Henderson- Smart DJ, Stewart LA (2007) Antiplatelet agents 
for prevention of pre-eclampsia: a meta-analysis of individual patient data. 
Lancet 369: 1791-1798. 

39. Ranpura V, Pulipati B, Chu D, Zhu X, Wu S (20 10) Increased risk of high-grade 
hypertension with bevacizumab in cancer patients: a meta-analysis. Am J 
Hypertens 23: 460-468. 



7 March 2014 | Volume 9 | Issue 3 | e91897 



